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-The aim of this study was to investigate the association between the rate of torque development and maximal motor unit discharge frequency in young and elderly adults as they performed rapid submaximal contractions with the ankle dorsiflexors. Recordings were obtained of the torque exerted by the dorsiflexors during the isometric contractions and the surface and intramuscular electromyograms (EMGs) from the tibialis anterior. The maximal rate of torque development and integrated EMG (percentage of total EMG burst) at peak rate of torque development during fast contractions were lower in elderly than young adults by 48% (P Ͻ 0.05) and 16 .5% (P Ͻ 0.05), respectively. The young adults, but not the elderly adults, exhibited a positive association (r 2 ϭ 0.33; P Ͻ 0.01) between the integrated EMG computed up to the peak rate of torque development and the maximal rate of torque development achieved during the fast contractions. These age-related changes during fast voluntary contractions were accompanied by a decline (P Ͻ 0.001) in motor unit discharge frequency (19, 28 , and 34% for first 3 interspike intervals, respectively) and in the percentage of units (45%; P Ͻ 0.05) that exhibited double discharges (doublets) at brief intervals (Ͻ5 ms). Because aging decreased the maximal rate of torque development of fast voluntary contractions to a greater extent (ϳ10%) than that of an electrically evoked twitch, collectively the results indicate that the age-related decline in maximal motor unit discharge frequency likely limit, in addition to the slowing of muscle contractile properties, the performance of fast voluntary contractions. skeletal muscle; muscle twitch; doublet discharge; electromyogram AGING IS ASSOCIATED WITH A progressive loss of force due to sarcopenia and a reduction in the rate of force development during fast contractions (4, 21) . The decline in rate of force development is classically associated with a slowing of the muscle contractile properties. For example, it has been shown that the contraction time and time to half relaxation of a muscle twitch are prolonged with aging (26, 35, 38) . Furthermore, the maximal rate of torque development in response to a train of three electrical stimuli at 100 Hz is less in elderly adults compared with young adults (5) .
The change in the intrinsic properties of the muscle may also be accompanied by impaired voluntary activation that reduces the rate of torque development during fast voluntary contractions. The force produced by a muscle during a voluntary contraction depends on the number of recruited motor units and the rate at which the active units discharge action potentials. The relative contribution of these two mechanisms to the increase in force varies as a function of contraction speed, such as the earlier activation of motor units as contraction speed increases (14, 15) . This lowering of the force threshold at which a motor units is recruited is likely due to a more synchronous input to the motoneuron pool that reduces the time to reach activation threshold (2, 42) . In tibialis anterior, for example, approximately three times as many motor units are recruited to produce a given peak force during a rapid contraction compared with a slow ramp contraction (14) . When this occurs, force gradation above one-third of maximum depends much more on rate coding (14) , and, in young adults, it reaches discharge frequencies around 100 Hz (6, 14, 19, 43, 44) that exceed those recorded (30 -60 Hz) during slow contractions (14, 23, 32) .
Although not observed in all studies (see Ref. 38) , it has been shown that maximal and submaximal discharge frequencies are reduced in elderly adults during sustained and slow ramp contractions above 50% maximal voluntary contraction (MVC) (3, 12, 22, 23, 39) . Because of the concurrent slowing of the contractile properties of the muscle, however, the decrease in discharge rate does not seem to limit the maximal force developed during an MVC (12) . Nonetheless, motor units do not achieve maximal discharge frequencies during sustained and slow ramp contractions (6, 14, 42) because some mechanisms likely constrain discharge rate to a level that does not exceed the frequency required for sufficient tetanic fusion (7, 12, 23) . In contrast, maximal discharge frequency can be reached at the onset of a voluntary contraction performed as fast as possible (see Refs. 14, 43) because the regulatory mechanisms have not had an opportunity to influence discharge rate. The high initial rates can also include interspike intervals of ϳ5 ms (doublet discharge; Ref. 19) , which likely arise as a result of delayed depolarization (9) and reflect the intrinsic properties of the motoneuron (11) . Because the increase in the maximal rate of torque development during a fast contraction after a training program is accompanied by an increase in motor unit discharge rate and the number of doublet discharges (44), we hypothesized that some of the age-related reduction in the maximal rate of torque development could be due to the converse changes. Accordingly, we recorded the discharge of motor units in the tibialis anterior muscle during fast contractions as young and elderly adults produced a range of torques with the dorsiflexor muscles.
MATERIALS AND METHODS
Five young adults (mean Ϯ SD: 20.2 Ϯ 1.6 yr; range: 18 -22 yr) and five elderly adults (75.6 Ϯ 5.7; range: 71-84 yr) with equal number of women (3) and men (2) in each group participated in the study. All subjects were familiarized with the experimental procedures during a first session, and they were tested thereafter in at least 2-3 different occasions for a total of 38 experimental sessions. Subjects were not engaged in any strenuous locomotor activity for at least 24 h before the experimental session. All subjects were healthy and without neuromuscular disorders at the time of participation in the investigation. Elderly subjects were living at home and walked daily without the use of an assistive device. The local Ethics Committee approved this study, and the subjects gave informed consent prior to participation in the investigation. All the experimental procedures were performed in accordance with the Declaration of Helsinki.
Experimental apparatus. The subject sat on a chair in a slightly reclined position during the experiment with the foot of the right leg strapped to a footplate. The plate was inclined at an angle of 45°to the floor, and the subject's position was adjusted to obtain ankle and knee angles of about 90°(neutral position) and 50 -60°(full extension ϭ 0°), respectively. The foot was tightly attached to the plate by means of two straps and held in place by a heel block. One strap was placed around the ankle and the other around the foot 1-2 cm proximal to the metatarsophalangeal joint.
Force and electromyogram recordings. The isometric force developed by the dorsiflexor muscles was measured by connecting the footplate to a force transducer (model TC 2000-500, Kulite, Basingstoke, UK) that was attached under the plate at the level of the metatarsophalangeal joint of the big toe. The signal from the strain gauges was amplified by a custom-made amplifier and low-pass filtered at 300 Hz (model AM 502, Tektronix, Beaverton, OR). The sensitivity of the force transducer was 30 mV/N (linear range, 0 -2,200 N).
Motor unit potentials were recorded by a selective electrode that comprised 50-m diamel-coated nichrome wires glued into the lumen of a 30-gauge hypodermic needle (43) . The electrode was inserted into the middle part of the tibialis anterior muscle, and during each experimental session the needle was inserted in at least three separate locations. At each location, the needle was manipulated to various depths and angles to record as many motor units as possible. To ascertain that we recorded a different motor unit from two successive recording sites and not simply different muscle fibers of the same unit, we compared the recruitment threshold of these two units during ramp contractions. A difference in recruitment threshold of at least 10% was considered to represent distinct motor units. The electromyogram (EMG) signal was amplified by a custom-made differential amplifier and filtered (100 Hz to 10 kHz) before being displayed on a Tektronix 5110 oscilloscope. The surface EMG of the tibialis anterior was recorded by means of two silver disk electrodes (8 mm in diameter) placed 2-3 cm apart on either side of the needle electrode. The surface EMG activity of one of the antagonist muscles (soleus) was also recorded by placing two electrodes, separated by 3 cm, slightly lateral to the median line over the muscle belly, with the proximal electrode located ϳ4 cm below the insertion of the gastrocnemius muscle on the Achilles tendon. The ground electrodes were positioned over the tibia. All surface EMG signals were amplified (ϫ1,000) and filtered (10 Hz to 1 kHz) by a custom-made differential amplifier.
Electrical stimulation. In three young and elderly subjects, the dorsiflexor muscles were activated by rectangular 1-ms electrical pulses delivered by a custom-made stimulator triggered by a digital timer (model 4030, Digitimer, Welwyn Garden City, UK). The stimuli were delivered to the deep peroneal nerve through two electrodes (silver disks, 8-mm diameter), with the cathode placed over the peroneal nerve close to the fibular head and the anode placed on the opposite side of the leg. To avoid the activation of the peroneal muscles, the nerve was stimulated distal to the branching to these muscles, and the absence of any peroneal muscle activity was assessed by palpation. Maximal stimulus intensity was determined by progressively increasing the intensity until the torque and the compound action potential (M wave) reached a plateau. The level of stimulation was then set ϳ20% above maximum. Three mechanical responses to a single stimulus were recorded at 15-s intervals.
Experimental procedure. Before single motor units were recorded, the torque exerted by the dorsiflexor and plantar flexor muscles during an MVC was determined. The subject were required to reach maximal torque in ϳ1-s and to maintain this level for ϳ3-s. Two to three MVCs were performed, each separated by 2-3 min of rest. At each recording site, motor units were first identified during slow isometric contractions performed at different torque levels. Once a motor unit action potential had been clearly identified, subjects performed two to three isometric ramp contractions at 10% MVC/s up to the maximum force. Thereafter, they were asked to produce fast voluntary (isometric) contractions around three target torques: 25, 50, and 75% MVC. In a random order, subjects were requested to perform ϳ10 contractions around each of these torque levels but were not required to reach the torque target accurately. Throughout the experiment, subjects received visual feedback of the torque and an auditory signal that indicated the moment to perform the contraction. Each fast contraction was separated by at least 3-5 s, and 3-5 min of rest was allowed between motor unit recordings from different electrode locations.
Data analysis. All data collected during the experiments were stored on tape (Sony PCM-DAT, DTR 8000, Biologic, Claix, France) and subsequently digitized (CED 1401, Cambridge Electronic Design, Cambridge, UK; or MP150, Biopac Systems, Santa Barbara, CA) to a computer and analyzed offline. The sampling rate was 2 kHz for force and surface EMG and 12.5 kHz for intramuscular EMG.
The MVC torque was determined from the trial that yielded the largest value and the average rectified EMG (aEMG) amplitude was measured for a 1-s period during the plateau of the MVC. Each fast contraction was characterized by its peak torque, time to peak torque, and peak rate of torque development, measured from the first derivative of the torque signal (Fig. 1) . The peak torque was identified when the derivative crossed zero. The aEMG amplitude of the total EMG burst of the tibialis anterior during the fast contractions was also measured and expressed as a percentage of the maximal aEMG amplitude during the MVC. The rate of EMG rise during the fast contraction was quantified by computing the integral of the rectified surface EMG (integrated EMG) from its onset: 1) to the first 25 and 50 ms, 2) to the time at which the peak rate of torque development was attained (ϳ75 ms), and 3) to the end of the EMG burst. The EMG activity of the soleus (antagonist) during the different contractions was integrated during the same periods and quantified as the ratio between soleus and tibialis anterior aEMG of the EMG burst.
Motor unit discrimination was accomplished with a computerized, spike-sorting algorithm (Spike 2, version 5, Cambridge Electronic Design). Single motor unit action potentials were identified on the basis of amplitude, duration, and waveform shape. During ramp and fast contractions, each motor unit was analyzed on a spike-by-spike basis, and only units that were clearly identified were included in the analysis. Motor unit recruitment threshold was measured during the isometric ramp contractions and expressed as a percentage of the MVC torque when the action potential of the selected unit first appeared in the EMG trace. Motor unit discharge frequency was determined at the onset of the fast contractions, and the duration of the first three interspike intervals was measured (43, 44) . The analysis was limited to the first three interspike intervals because few motor units discharged more than four times, and the recording was not contaminated by movement artifact. Instantaneous discharge frequency was expressed as the reciprocal of the interval between two successive spikes of the same motor unit.
The peak torque and contraction time of the evoked contractions were measured from the mechanical response to the single electrical stimulus. The maximal rate of torque development was obtained from the first derivative of the torque signal.
Statistics. The mechanical and EMG data recorded during MVC and fast contractions in young and elderly subjects were compared by the Student's t-test or the nonparametric Kolmogorov-Smirnov two-sample test when appropriate. A two-factor (age and time) ANOVA with repeated measures on time was used to compare EMGs at different time points (25 ms, 50 ms, and peak rate of torque development) of the fast contractions. When a significant main effect was obtained, the Student-Newman-Keuls test was used to identify significant differences between means. Change in motor unit discharge frequency during the first three interspike intervals of fast contractions was tested by a nonparametric ANOVA (Kruskal-Wallis test) and Dunn's multiple comparison post test. The best-fitting relations between the peak rate of torque development and the torque achieved during the fast contraction or the integrated EMG at peak rate of torque development, expressed in percentage of the total EMG burst, was tested by linear regressions using the least-squares method. When appropriate, the linear regressions recorded in the two groups were compared by an analysis of covariance. A
2 test was used to analyze the occurrence of doublet discharges. For all comparisons, the level of statistical significance was set at P Ͻ 0.05. Unless stated otherwise, all values are reported as means Ϯ SD.
RESULTS
The mean MVC torque produced during dorsiflexion was significantly greater (28%) in young compared with elderly adults (46.4 Ϯ 9.8 vs. 33.2 Ϯ 7.9 N⅐ m; P Ͻ 0.05). In contrast, the corresponding aEMG activity of the tibialis anterior during the MVC did not differ significantly between the two groups (386 Ϯ 144 vs. 419 Ϯ 146 V; P ϭ 0.63).
Comparison of fast contractions in young and elderly adults. Regardless of the torque achieved, the contractile properties of the five fastest contractions for each subject and the corresponding EMG activities were compared between elderly and young subjects. Although the average absolute peak torque achieved during the fast contractions was greater in young adults than elderly adults (34.7 Ϯ 7.1 vs. 25.2 Ϯ 5.6 N⅐m; P Ͻ 0.05), there was no difference (P ϭ 0.38) between the two groups when peak torques were expressed relative to the respective MVC torques (76.9 Ϯ 11.4 vs. 71.6 Ϯ 5.6% MVC). The average time to peak torque during the fast contractions was 26% longer (P Ͻ 0.01) in elderly adults (210 Ϯ 24 vs. 166 Ϯ 23 ms). As illustrated in Fig. 1 , the slower contraction was accompanied by a 48% decrease in the absolute peak rate of torque development (228 Ϯ 50 vs. 440 Ϯ 114 N⅐m/s; P Ͻ 0.01) and by a 33% decrease in the relative peak rate of torque development (647 Ϯ 49 vs. 962 Ϯ 146% MVC/s; P Ͻ 0.01).
The peak rate of torque development was linearly related to the peak torque achieved during the fast contractions produced at different torque levels in both young and elderly groups (Fig. 2) . The difference in the slope of the regression lines indicates that regardless of the torque achieved during the fast contraction, the peak rate of torque development was significantly (P Ͻ 0.01) lower in elderly adults, and the difference between groups was augmented with increased peak torque.
These mechanical impairments were not associated with significant changes in the total EMG burst during the fast 2 . Relation between the peak rate of torque development, expressed as % MVC/s, and the peak torque, expressed as % MVC, during fast contractions performed with the ankle dorsiflexors in young and elderly adults. The 5 fastest contractions around each of 3 torque levels (25, 50, and 75% MVC) were selected from each of the 5 subjects to compute the graph. The linear regression lines are y ϭ 11.3x ϩ 114.7 (n ϭ 75; r 2 ϭ 0.77) for young and y ϭ 6.0x ϩ 193.9 (n ϭ 75; r 2 ϭ 0.81) for elderly subjects. The 2 relations are significantly different when tested by an analysis of covariance (P Ͻ 0.01).
contraction. Although the aEMG of the tibialis anterior represented a greater percentage of the maximal aEMG during an MVC in elderly adults (94.2 Ϯ 11.9 vs. 75.5 Ϯ 14.7%), the difference was not significant (P ϭ 0.10). A comparable level of activation at the beginning of the fast contraction was also observed for both groups, because the integrated EMG during the first 25 and 50 ms comprised a similar percentage of the total EMG burst (Fig. 3A) . In contrast, the EMG integral up to the time at which the peak rate of torque development occurred (78 Ϯ 8 and 75 Ϯ 12 ms in elderly and young adults, respectively) was greater (P Ͻ 0.05) for the young subjects (Fig. 3A) . There was a positive linear association between the maximal rate of torque development and the EMG integral (percentage of the total EMG burst) up to the peak rate of torque development for the two groups of subjects combined (r 2 ϭ 0.50, P Ͻ 0.001; Fig. 4 ) and for young subjects (r 2 ϭ 0.33; P Ͻ 0.01) but not for elderly adults (r 2 ϭ 0.06; P ϭ 0.26). Similar associations to those of the tibialis anterior were observed for the antagonist soleus muscle (Fig. 3B) . The ratio between soleus and tibialis anterior aEMG activities were 0.08 Ϯ 0.02 and 0.09 Ϯ 0.03, respectively, in elderly and young subjects (P ϭ 0.45), indicating that the coactivation of soleus did not differ significantly between the two groups of subjects during the fast contractions.
Motor unit activation pattern during fast contractions. A total of 248 motor units in the five young adults and 118 motor units in the five elderly adults were successfully discriminated during the fast contractions. The fewer motor units recorded in elderly adults is due to their reduced ability to meet performance criteria for the different tasks during the entire experimental session and to the age-related reduction in motor unit number in the tibialis anterior (30) . The recruitment threshold of these units during ramp contractions ranged from 1 to 90.2% MVC (median: 26.3%; skewness: 0.641; kurtosis: Ϫ0.491) for young adults and from 0.4 to 64% MVC (median: 15.6%; skewness: 1.093; kurtosis: 0.781) for elderly adults. The two distributions differed significantly (P Ͻ 0.001).
The distribution of the first three interspike intervals for the elderly adults was shifted to lower frequencies compared with young adults. When doublets of Ͻ5 ms were not considered, the median value for motor units discharge frequency during the first three intervals was 71.9, 56.3, and 53.9 Hz, respectively, for the young, and it was 58.5, 40.4, and 35.5 Hz, respectively, for the elderly. Discharge frequencies were significantly lower (P Ͻ 0.001) for the second interspike interval compared with the first (Fig. 5) for both groups of subjects. However, discharge frequencies were significantly lower (P Ͻ 0.05) for the third interspike interval compared with the second only for the elderly adults. The age-related decline in discharge frequency was statistically significant (P Ͻ 0.001; Kolmogorov-Smirnov 2-sample test) for the three interspike intervals and tended to be larger for the third (34%) than for the second (28%) and first (19%) interspike intervals. Figure 6 illustrates the typical behavior of single motor units of similar recruitment threshold during a fast contraction performed by one subject from each group. In addition to a lower maximal discharge frequency for each interspike interval in the elderly adults, they also exhibited a greater decline in the instantaneous discharge frequency during the first four motor unit discharges of the fast contraction.
A few of the motor units discharged with doublets (interspike interval Ͻ5 ms) at the onset of the EMG burst in both groups of subjects. The percentage of motor units that dis- Fig. 3 . A: EMG activity of the tibialis anterior at the onset of fast contractions with the ankle dorsiflexors by young and elderly adults. The EMG activity has been integrated from its onset to the first 25 and 50 ms, and to the time at which the peak rate of torque development (peak RTD) was attained. All values (means Ϯ SE) are expressed as percentage of the total integrated EMG burst. B: EMG activity of soleus at the onset of fast contractions of the ankle dorsiflexors integrated for the same periods of time as for agonist activation and expressed as percentage of the total integrated EMG activity during soleus activation. *Significant difference between young and elderly adults, P Ͻ 0.05. Fig. 4 . Relation between the peak rate of torque development (%MVC/s) and the integrated EMG (% of total EMG burst) at peak rate of torque development of the tibialis anterior during fast contractions performed with the ankle dorsiflexors in young and elderly adults. The 5 fastest contractions from each subject were selected to compute the graph. For the whole population ofcharged such doublets during the first three interspike intervals was significantly greater (P Ͻ 0.05) for young (8.4%) than for elderly (4.6%) adults. The doublets were only observed during the first and second interspike intervals in both groups and appeared more frequently during the first (5.7 and 3.8%) compared with the second (2.7 and 0.8%) interval.
Muscle mechanical properties. In three subjects of both groups, the mechanical properties of the dorsiflexor muscles were tested by a single electrical stimulation. The elderly adults had a reduced twitch amplitude (1.84 Ϯ 1.12 N⅐m vs. 2.34 Ϯ 1.16 N⅐m), a 23% longer contraction time (97.5 Ϯ 10.9 vs. 74.9 Ϯ 10.6 ms), and a 41% decrease in the maximal rate of torque development (34.3 Ϯ 20.3 vs. 57.7 Ϯ 21.1 N⅐m/s). The maximal rate of torque development during the fast voluntary contractions in these subjects was reduced by 51% in elderly adults (249 Ϯ 62 N⅐m/s) compared with the young adults (511 Ϯ 34 N ⅐m/s).
DISCUSSION
The main finding of this study was that older adults exhibited a slower maximal rate of torque development during a fast contraction of the ankle dorsiflexor muscles that was accompanied by a reduction in motor unit discharge frequency and number of doublet discharges. The decrease in motor unit discharge frequency with aging tended to be more pronounced for the second and third interspike intervals than for the first interval. These results indicate that healthy aging involves neural impairments that likely limit the maximal capacity of motoneurons to discharge at very high rates.
Age-related change in the rate of torque development. The maximal rate of torque development during a fast contraction was significantly lower, and the time to peak torque was longer, in elderly adults compared with young adults. The impairment in the rate of torque development increased with the amplitude of the peak torque achieved during the submaximal contractions (see Fig. 2 ). Aging affected the maximal rate of torque development to a greater extent than the maximal torque produced during an MVC (48 vs. 28%). This observation is consistent with previous studies performed during fast voluntary isometric contractions (4, 21) .
The reduced maximal rate of torque development of elderly adults can be explained, in part, by a slowing of the intrinsic contractile properties of the muscle. This decline in performance has been shown for electrically induced tetanic (50 -100 Hz) contractions (25, 38) and confirmed by our previous studies on the same muscle group (5, 26) . In the present study, the contractile kinetics of the dorsiflexors were studied in three subjects of both groups and the data indicate, in agreement with previous studies (5, 25, 26, 38) , an age-related slowing of the muscle twitch. This impairment may be attributed to a slowing of type I and type II muscle fibers (13) , greater atrophy of type II fibers (28) , and increased tendon compliance (34) .
Evidence for neural impairments. Although there is only a moderate relation for the rate of torque development between a fast voluntary contraction and an electrically evoked twitch (1), the slightly greater slowing (ϳ10%) observed during the fast voluntary contractions suggests that a decreased neural activation partly contributed to reduce the rate at which force is produced in aged subjects. This conclusion is also supported by the age-related changes in EMG and discharge pattern of single motor units at the onset of fast voluntary contractions.
As shown by the intramuscular EMG recordings, the average instantaneous discharge frequency of single motor units decreased significantly during the first three interspike intervals. The instantaneous discharge frequency of these successive interspike intervals during a fast contraction was not uniformly reduced in the elderly adults; it declined by 19, 28, and 34% for the first three interspike intervals, respectively. The progressive reduction indicates that, in addition to a decrease in the maximal discharge rate at the onset of a fast contraction, the decline in motor units discharge rate during the successive discharges was greater for elderly than young adults. In addition, aging was associated with a reduced percentage of motor units that discharged with doublets, as was also observed during ramp contractions performed at different speeds (11) . The reduced number of doublet discharges in elderly adults (8.4% vs. 4.6%), in combination with the decrease in motor unit discharge frequency, likely explain part of the age-related slowing of fast contractions. It has been shown, for example, that the rate of torque development is related to the maximal discharge rate of motor units (2, 19, 42, 43) and their ability to keep such high rate during the successive discharges at the onset of the activation phase (44) .
Comparison of the absolute surface EMG activity between elderly and young adults is risky because of differences in the thickness of the subcutaneous tissues and the distribution of motor unit territories in the muscle. Furthermore, the greater size and longer duration of motor unit action potentials in elderly adults (29) can influence the nonlinear summation of motor unit action potentials in the surface EMG signal (24) and thereby limit the comparison of the data with young adults. To partially control for these confounding factors, we normalized the aEMG during the fast contraction to each individual aEMG during the MVC. Although slightly greater in elderly subjects, the normalized aEMG activity during the fast contraction did not differ significantly between groups. However, there was a positive association between the EMG integral up to peak rate of torque development (% of the total EMG burst) and the maximal rate of torque development for the young adults but not the elderly adults.
Analysis of the normalized EMG integral during a fast contraction indicated some differences in the pattern of muscle activation between young and elderly adults. Whereas the two groups displayed a similar relative activation during the first 50 ms of the fast contractions, young subjects exhibited a greater relative activation at the peak rate of torque development. Consistent with the motor unit data, this observation indicates that elderly adults cannot sustain the activation as well as young adults. There was some discordance, however, between the time course of change in surface EMG and the motor unit data. Because motor unit discharge rate was already lower during the first two interspike intervals in the elderly adults, the normalized EMG should have also been reduced in the first 50 ms. Such divergence between surface and intramuscular EMG has already been reported (33) , indicating that changes in motor unit discharge rate are not always detected by surface EMG or are not linearly related with surface EMG (42) . Furthermore, the similar amount of EMG activity generated by the elderly adults may indicate the recording or the recruitment of more motor units, which would reduce the likelihood of detecting modest changes in motor unit frequency in the interference signal. Despite this discrepancy, the results suggest a change in the activation pattern of motor units between the two groups of subjects.
Possible mechanisms underlying neural impairments. Although not observed consistently (24, 41) , it is sometimes Fig. 6 . Behavior of single motor units from the tibialis anterior of young (A) and elderly (B) adults during a fast isometric contraction. Both the recruitment threshold (2-3% MVC) and the peak torque (ϳ50% of MVC) were similar for the 2 motor units. The traces correspond to the torque (a) and intramuscular EMG plotted at slow (b) and fast (c) time bases. The maximal rate of torque development was lower in the elderly subject (480% MVC/s) compared with the young subject (784% MVC/s). The EMG traces illustrate the typical discharge pattern of a single motor unit. The instantaneous discharge rate during the first 3 interspike intervals were 78, 71, and 61 Hz, respectively, for the young adult; and they were 63, 40, and 34 Hz, respectively, for the elderly adult. The asterisks indicate the discharge of the same motor unit and their traces are superimposed with an extended display (d).
reported that the level of coactivation during an MVC is increased with aging (27) . It has been proposed that this adaptation might reduce the performance of agonist muscles during the task, both through the opposing mechanical action of the antagonist muscles and by reciprocal inhibition. However, the absence of age-related changes in coactivation of the plantar flexor muscles, either during MVCs (26, 41) or fast contractions (present study) with the ankle dorsiflexor muscles, negates a role for reciprocal inhibitory mechanisms in reducing the maximal motor unit discharge frequency. Consequently, other physiological mechanisms must account for this lower rate of muscle activation.
Potential mechanisms that may explain the age-related decrease in the rate of torque development during fast contractions should be mainly located along the corticospinal pathway. A change in the excitability of the corticospinal tract by using transcranial magnetic stimulation has been reported in aged subjects. Although there is no effect in the dominant hand (40) , it appears that the motor-evoked potential is reduced (16, 40) and that higher stimulation intensities are required to achieve the same maximal output of the motor cortex in elderly adults (37) . However, the age-related decline in activation during voluntary contractions can be due to decreases in the descending drive and the excitability of the motoneuron pool. Because doublet discharges at short interspike intervals (Ͻ5 ms) seem to depend on the time course of the delayed depolarization of motoneurons (9, 19) and a greater descending drive is required for doublet discharges in elderly adults (11) , it is possible that motoneuron excitability declines with aging. This proposition is consistent with a recent paper showing an age-related increase in the duration of motoneuron afterhyperpolarization in the human biceps brachii (36) .
Although a suboptimal cortical drive cannot be discounted, the progressive decline in the instantaneous motor unit discharge frequency during the successive discharges at the onset of a fast contraction is consistent with the hypothesis of an age-related alteration in the intrinsic properties of motoneurons (17, 31) . This early decline in motoneuron discharge rate when the cell is activated by constant-current injection, which is known as spike frequency adaptation (8, 20) , could be modified by aging as it seems to be the case with chronic changes in physical activity levels (18) . Another possible mechanism that may contribute to lower maximal discharge frequency and incidence of doublet discharge during fast contractions in elderly adults is recurrent inhibition. The involvement of this pathway is unlikely, however, because it has been shown that elderly adults have similar, or even lower, levels of recurrent inhibition than young adults (10) . Together, these observations suggest that changes in the properties of the motoneurons are probably the main factor responsible for the age-related decline in maximal discharge frequency during fast contraction.
In conclusion, the results of this study indicate that the age-related reduction in the maximal rate of torque development of a fast contraction is not only due to a slowing of the contractile properties of the muscle but also to a decrease in the maximal discharge frequency of motor units. Although reduced motor unit discharge frequency does not seem to impair the dorsiflexion torque produced during an MVC (12) , it likely limits the maximal rate of torque development.
